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Abstract
The applications of electron spin echo envelope modulation (ESEEM) spectroscopy to study paramagnetic centers in
photosystem I (PSI) are reviewed with special attention to the novel spectroscopic techniques applied and the structural
information obtained. We briefly summarize the physical principles and experimental techniques of ESEEM, the spectral
shapes and the methods for their analysis. In PSI, ESEEM spectroscopy has been used to the study of the cation radical form
of the primary electron donor chlorophyll species, P700, and the phyllosemiquinone anion radical, A
3
1 , that acts as a low-
potential electron carrier. For P700, ESEEM has contributed to a debate concerning whether the cation is localized on a one
or two chlorophyll molecules. This debate is treated in detail and relevant data from other methods, particularly electron
nuclear double resonance (ENDOR), are also discussed. It is concluded that the ESEEM and ENDOR data can be explained
in terms of five distinct nitrogen couplings, four from the tetrapyrrole ring and a fifth from an axial ligand. Thus the ENDOR
and ESEEM data can be fully accounted for based on the spin density being localized on a single chlorophyll molecule. This
does not eliminate the possibility that some of the unpaired spin is shared with the other chlorophyll of P700 ; so far, however,
no unambiguous evidence has been obtained from these electron paramagnetic resonance methods. The ESEEM of the
phyllosemiquinone radical A31 provided the first evidence for a tryptophan molecule Z-stacked over the semiquinone and for
a weaker interaction from an additional nitrogen nucleus. Recent site-directed mutagenesis studies verified the presence of
the tryptophan close to A1, while the recent crystal structure showed that the tryptophan was indeed Z-stacked and that a
weak potential H-bond from an amide backbone to one of the (semi)quinone carbonyls is probably the origin of the to the
second nitrogen coupling seen in the ESEEM. ESEEM has already played an important role in the structural charaterization
on PSI and since it specifically probes the radical forms of the chromophores and their protein environment, the information
obtained is complimentary to the crystallography. ESEEM then will continue to provide structural information that is often
unavailable using other methods. ß 2001 Published by Elsevier Science B.V.
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1. Introduction
Recently, signi¢cant progress has been made in
solving the crystal structure of photosystem I (PSI)
[1^3]. While these structural data provide valuable
information on the geometric structure of PSI, they
have provided little information regarding its elec-
tronic structure. The electronic structures of the
chromophores in photosynthetic reaction centers
play key roles in electron transfer [4,5]. Electron
paramagnetic resonance (EPR) techniques have
been major tools in e¡orts to determine the identity
and de¢ne the electronic structure of paramagnetic
centers in photosynthetic reaction centers [6]. In con-
trast to X-ray di¡raction spectroscopy, which probes
the core electrons, electron paramagnetic resonance
phenomena are determined from the wave-functions
of the valence electrons, i.e., those more directly in-
volved in electron transfer.
Much of the information that EPR provides about
the electronic structure (composition, structure and
bonding) of paramagnetic centers, is obtained by
analysis of the g-tensor, the hyper¢ne and occasion-
ally the quadrupole couplings that arise from inter-
actions between the electron spin and the nuclear
spin associated with either the paramagnetic mole-
cule itself or nuclei from its immediate environment
(e.g., 1H(I = 1/2), 14N(I = 1), 2H(I = 1)). Thus, an
objective of the application of EPR in the study
of paramagnetic centers is to determine as fully as
possible the value of the various spin couplings,
i.e., g-values, hyper¢ne and quadrupole interac-
tions.
The g-tensor is an integral property of the para-
magnetic center, probing the average valence electron
density distribution. Conventional continuous wave
(c.w.) EPR easily provides g-values while the hyper-
¢ne and quadrupole splittings are masked by the in-
homogeneous line-width. Therefore the c.w. EPR
spectrum provides information about the average
distribution of the electron spin over the whole para-
magnetic molecule. On the other hand, the quadru-
pole and hyper¢ne tensors are local probes which
re£ect the distribution of the unpaired spin density
(e.g., the hyper¢ne tensor) and the electric charge
(e.g., the quadrupole tensor) at individual nuclei
and their immediate environment. In principle, the
hyper¢ne and quadrupole couplings are manifested
as splittings in the EPR spectra. Quadrupole interac-
tions, which are non-zero for nuclei with Is 1/2,
usually have second-order e¡ects in the polycrystal-
line EPR spectra [7]. With the exception of single
crystal studies, nuclear hyper¢ne and quadrupole
splittings are not resolved in EPR spectra and con-
sequently the associated information is lost.
Electron spin echo envelope modulation (ESEEM)
[8,9] is an EPR-based spectroscopy which can recov-
er this information. In the ESEEM experiment the
nuclear transition (NMR) frequencies are monitored
indirectly through EPR transitions [9]. The nuclear
transitions are observed due to mixing of the fre-
quencies of the semi-forbidden and allowed EPR
transitions, respectively [8,9], which have been coher-
ently excited using short, intense microwave pulses.
ESEEM is very well suited for measuring weak hy-
per¢ne couplings, e.g., of the order of the nuclear
Larmor frequency, between the electron spin and
speci¢c nuclei [9]. Properly interpreted this local in-
formation can be related to the properties of the
whole paramagnetic molecule. The principles and
procedures of ESEEM spectroscopy due to elec-
tron^nuclear interactions have been reviewed in the
comprehensive book of Dikanov and Tsvetkov [9].
An up-to-date critical review of the applications of
ESEEM spectroscopy in metalloproteins can be
found in [10].
Here we review the applications of ESEEM spec-
troscopy in PSI, in cases where the paramagnetic
centers are in Boltzmann equilibrium, i.e., in cases
where the modulation of the electron spin echo in-
tensity originates exclusively from electron^nuclear
couplings. Non-equilibrium, i.e., transient states,
might also give rise to a phase-shifted electron spin
echo whose intensity may be also deeply modulated
due to weak electron^electron couplings [11^13,80].
The applications of this kind of ESEEM, known as
‘out-of-phase ESEEM’, are reviewed in another ar-
ticle in the present volume [14].
2. ESEEM: a background
ESEEM experiments are performed by recording
the echo intensity generated by a sequence of reso-
nant microwave pulses separated by evolution times,
i.e., periods where the microwave power is o¡ [8]; the
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recorded echo-envelope is the time-domain ESEEM
signal. In the presence of nuclear spins weakly
coupled with the electron-spin, the intensity of the
echo is modulated at the nuclear transition frequen-
cies of the interacting nucleus [8,9]. These nuclear
transition frequencies contain the desired infor-
mation about the hyper¢ne and quadrupole cou-
plings.
The standard one-dimensional ESEEM experi-
ments, which consist of two- and three-pulse sequen-
ces, (Fig. 1A,B) are based on two kinds of echo, the
so called ‘primary’- or the ‘stimulated’-echo for the
two- and three-pulse sequence respectively. In the
following we brie£y describe the basic ESEEM ex-
periments currently used in biological systems.
2.1. Two-pulse ESEEM
In the two-pulse experiment (Fig. 1A) an electron
spin-echo is generated at time d after the second
pulse. The modulation envelope, obtained as d is in-
cremented, is related to the nuclear transition fre-
quencies within an electron spin manifold; in addi-
tion, the sum and di¡erence of the basic nuclear
frequencies also appear in the two-pulse ESEEM
[9].
2.2. Three-pulse ESEEM
An alternative procedure is one using the three-
pulse ESEEM experiment. Here two pulses separated
by time d are applied, followed by a third pulse after
time T, and the stimulated-echo is observed at time d
after the third pulse (Fig. 1B). The echo envelope
obtained as T is incremented, is modulated by the
nuclear transition frequencies of nuclei coupled
with the electron spin; in contrast to the two-pulse
experiment, no sums and di¡erences of the basic nu-
clear frequencies are observed in the three-pulse
ESEEM spectrum. A two-dimensional experiment
can be performed by recording a series of three-pulse
ESEEM spectra for di¡erent d-values [9].
2.3. Four-pulse ESEEM
This method is based on a three-pulse sequence
Fig. 1. Pulse sequences used for two, three-, four-pulse ESEEM and HYSCORE experiments. In the two-pulse experiment at time d
after the second pulse, a spin echo is generated. The modulation envelope is obtained as d is incremented. In the three-pulse sequence,
two pulses separated by time d are applied, followed by a third pulse after time T, and the stimulated-echo is observed at time d after
the third pulse. The echo envelope obtained as T is incremented. Four-pulse ESEEM and HYSCORE are based on a three-pulse se-
quence with an additional Z-pulse applied between the second and third Z/2-pulse. As in the three-pulse sequence, the ¢rst two Z/2-
pulses separated by the time interval t, generate nuclear coherences. Then, the Z-pulse transfers populations from one MS manifold to
the other and mixes nuclear coherences in one MS manifold with those of the other manifold. The last Z/2-pulse leads to the forma-
tion of the stimulated echo. In the four-pulse experiment the nuclear coherences evolve during the two variable time intervals t1 and
t2, stepped under the constraint t1 = t2 = T. In the HYSCORE experiment the echo intensity is recorded as a function of the interpulse
time t1, e.g., between the time the second and third pulses, and t2, e.g., between the time the third and fourth pulses.
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with an additional Z-pulse applied between the sec-
ond and third Z/2-pulse (Fig. 1C) [15]. As in the
three-pulse sequence, the ¢rst two Z/2-pulses sepa-
rated by the time interval d, generate nuclear coher-
ences. Then, the Z-pulse transfers populations from
one MS manifold to the other and mixes nuclear
coherences in one MS manifold with those of the
other manifold. The nuclear coherences evolve dur-
ing the two variable time intervals t1 and t2, stepped
under the constraint t1 = t2 = T [15] (Fig. 1C). The
last Z/2-pulse leads to the formation of the stimu-
lated echo. At appropriate values for d (the separa-
tion between the ¢rst two pulses), the four-pulse se-
quence may lead to deep modulations at the basic
nuclear frequencies and higher harmonics corre-
sponding to combinations of the basic nuclear fre-
quencies and this is useful in estimating weak dipolar
couplings (see [10] and references therein).
2.4. HYSCORE
Hyper¢ne sublevel correlation spectroscopy (HYS-
CORE) is a two-dimensional ESEEM technique
based on a four-pulse sequence (see Fig. 1) intro-
duced by Ho«fer et al. [16]. The Z-pulse exchanges
the nuclear coherences from one MS manifold to
another [9]. The nuclear coherences evolve during
the time intervals t1 and t2 which are stepped inde-
pendently. The echo intensity is recorded as a func-
tion of the inter-pulse time t1, e.g., the time between
the second and third pulses, and t2 (i.e., the time
between the third and fourth pulses). The fre-
Fig. 2. Theoretical ESEEM spectra for a S = 1/2 spin coupled to a single I = 1/2 nucleus. The frequency-domain spectra are obtained
by Fourier transforming (FT) the time-domain signals. The two nuclear transitions between the energy levels in the two MS manifolds
are also depicted. Simulation parameters: Aiso = 1.5 MHz (Aiso6 2vI ), Aiso = 3.1 MHz (Aiso = 2vI ) and Aiso = 6.3 MHz (Aisos 2vI ).
Common simulation parameters: anisotropic hyper¢ne coupling T = 0.45 MHz, vI = 1.56 MHz; for each time-domain spectrum 512
time points in intervals of 20 ns were calculated. In the matching regime, e.g., when 2Aiso+T = 4vI , a dispersionless narrow feature
dominates the spectrum with maximum at a frequency vK = 3T/4, while its partner at vLV2vI is faint. For deviations either Aiso6 2vI
or Aisos 2vI the spectral intensities are weaker.
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quency-domain HYSCORE, obtained after Fourier
transforming the time-domain spectrum in both di-
mensions (i.e., t1 and t2), contains cross-peaks which
provide correlations between nuclear transitions
from the di¡erent MS manifolds [15].
3. Representative ESEEM spectra
The general problem of the theoretical description
of the ESEEM spectra for S = 1/2 coupled to an ar-
bitrary nuclear spin with non-negligible quadrupole
interaction can be addressed only by numerical sim-
ulations. Since in experimental work the three-pulse
ESEEM experiment is the standard tool for measur-
ing basic nuclear frequencies, we outline the general
formula and procedure for simulating three-pulse
ESEEM spectra of a S = 1/2 electron spin coupled
to an arbitrary nuclear spin with non-negligible
quadrupole interaction. The theoretical three-pulse
ESEEM spectra presented in the following were cal-
culated numerically according to the density matrix
formulation of Mims [17] as described in [18].
3.1. ESEEM for S = 1/2, I = 1/2
When the nuclear spin is 1/2 (I = 1/2), the relative
size of the hyper¢ne and nuclear Zeeman hamilto-
nians determines the shape of the ESEEM spectra
[9]. Fig. 2 presents time- and the frequency-domain
pulse three-pulse ESEEM for three limiting coupling
regimes.
In the case of an axial hyper¢ne tensor, for
4vI  2Aiso  T 1a
known as the ‘matching condition’ [19], the ESEEM
spectrum attains a characteristic shape, i.e., it is char-
acterized by two frequencies: a dominant narrow
feature at
vKV3T=4 1b
and a broad, weak one at
vLV2vI 1c
see Fig. 2. For hyper¢ne couplings which deviate
from the matching conditions the intensity and reso-
lution of the spectral features decrease signi¢cantly.
For weak couplings (Aiso6 2vI ) the main peaks are
centered approximately at vI , while for strong cou-
plings Aisos 2vI the spectral features are centered at
Aiso/2 (Fig. 2).
3.2. ESEEM for S = 1/2, I = 1
The published experimental ESEEM spectra for
I = 1 refer to either 14N (natural abundance 99.63%)
or 2H modulations. The quadrupole interaction is
usually negligible for 2H, but is important for 14N,
at least at X-band. The characteristics of the 2H-
ESEEM line shapes have been fully explored by Tyr-
yshkin et al. [20]. In the case of 14N, matching of the
hyper¢ne and nuclear Zeeman terms, Aiso = 2vI , leads
to line-narrowing, see Fig. 3.
In the so-called ‘cancellation condition’, Aiso = 2vI ,
three narrow low-frequency components arise from
the 14N superhyper¢ne spin manifold, where the nu-
clear^Zeeman and electron^nuclear hyper¢ne inter-
actions approximately cancel one another (see energy
levels in Fig. 3), so that the level splittings are pri-
marily determined by the 14N nuclear quadrupole
interaction (NQI) [21]. The three sharp low-fre-
quency lines show maxima at frequencies given by
the relations
v  K3 R  2a
v3  K33R  2b
v0  2KR 2c
where K = e2Qq/4h. The superhyper¢ne manifold,
where the nuclear^Zeeman and the hyper¢ne inter-
actions are additive, gives rise to much broader res-
onances with maximum intensity at a frequency
vdqV2vI  A=22  K23 R 21=2 2d
where A is a secular component of the hyper¢ne
coupling tensor determined mainly from its isotropic
part; a modest anisotropy of the hyper¢ne interac-
tion a¡ects mainly the lineshape but not the fre-
quency of the double quantum line [21]. In the case
of deviation from the exact cancellation condition
under negligible anisotropy, the modulation depth
is attenuated, while when
MvI3Aiso=2M62K=3 2e
it is still possible to observe 14N-ESEEM frequencies
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similar to those observed for exact cancellation [21].
In the presence of excessive anisotropy the nuclear
frequencies are dispersed the ESEEM features de-
grade [22]. For strong hyper¢ne couplings,
AisoEvI , sharp features are always observed for iso-
tropic couplings at the double quantum transitions in
the two spin manifolds [21,22].
In the limit of very weak hyper¢ne couplings,
AisoIvI , the modulation depth is reduced, see Fig.
3, and is mainly determined by the quadrupole tensor
[9,21]. For example in the case of one 14N nucleus
with negligible hyper¢ne coupling, and assuming a
¢eld applied perpendicular to the Z-axis of 14N-
quadrupole tensor, to second order perturbation
the nuclear transitions are
va  v0  vI cosB2=v 3vI sinB2=v3 3a
vb  v  2vI cosB2=v  vI sinB2=v3 3b
vc  v3  2vI sinB2=v3  vI cosB2=v 3c
where v, v3 and v0 are de¢ned as in Eqs. 2a^c,
respectively and B is the angle between H and the
Z-axis of the 14N-quadrupole tensor [23]. Analogous
expressions can be derived for other orientations [23].
Eqs. 3a^c are valid for both MS manifolds and show
that in the limit of negligible hyper¢ne coupling, the
nuclear frequencies deviate considerably from the
isotropic quadrupole frequencies v, v3, v0 and that
they depend strongly on the orientation of the mag-
netic ¢eld with respect to the principal axes of the
nuclear quadrupole tensor. As is shown in the theo-
retical spectrum in Fig. 3 (bottom spectrum), in a
Fig. 3. Theoretical ESEEM spectra for a S = 1/2 spin coupled to a single 14N(I = 1) nucleus. The frequency-domain spectra are ob-
tained by Fourier transforming (FT) the time-domain signals. The resolved nuclear transitions between the energy levels in the two
MS manifolds are also depicted. Simulation parameters: Aiso = 1.04 MHz (Aiso6 2vI ), Aiso = 2.08 MHz (Aiso = 2vI ) and Aiso = 4.16 MHz
(Aisos 2vI ). Common simulation parameters: anisotropic hyper¢ne coupling T = 0.2 MHz, vI = 1.04 MHz; e2qQ/h = 3.2 MHz, R= 0.5;
for each time-domain spectrum 512 time points in intervals of 20 ns were calculated. In the cancellation condition, e.g., when
Aiso = 2vI , three narrow quadrupole features (v0, v3 and v all originating from the MS = +1/2 spin manifold) plus a broader double
quantum, MvmIM= 2, frequency (originating from the MS =31/2 spin manifold) dominate the spectrum. For Aisos 2vI two sharp fea-
tures vdqa and vdqb are resolved from the two MvmIM= 2 transitions.
BBABIO 45075 12-10-01
Y. Deligiannakis, A.W. Rutherford / Biochimica et Biophysica Acta 1507 (2001) 226^246 231
powder spectrum the corresponding peaks are con-
gested and weak. The expressions in Eqs. 3a^c are
pertinent for the case of the ¢fth, weakly coupled,
nitrogen of P700 which will be discussed in depth in
this review.
3.3. ESEEM for S = 1/2, I = 3/2
In the case of one nucleus with I = 3/2, for example
23Na, 39K, 79; 81Br, the salient features of the ESEEM
spectra of disordered systems are dominated by con-
tributions from the nuclear transitions between the
mI = +1/2 and mI =31/2 levels [18]. So far ESEEM
spectra from nuclei with I = 3/2 in photosynthetic
paramagnets are scarce. In I = 3/2 systems, matching
of the hyper¢ne and nuclear Zeeman interactions
leads to line-narrowing and a sharp feature close to
zero-frequency is expected [18]. However, even for
small deviations from the matching condition, the
intensity of the spectral features degrade rapidly [18]
and thus the line-narrowed sharp feature expected
from the theory is rather di⁄cult to observe in prac-
tice. Analogous considerations to those for I = 3/2,
hold for the ESEEM spectra of I = 5/2 nuclei [24].
3.4. HYSCORE: a tool for disentangling complicated
ESEEM spectra
In the two-dimensional (2D)-HYSCORE experi-
ment the nuclear spin transitions in the two di¡erent
MS manifolds are correlated to each other by non-
diagonal cross-peaks, appearing at (vK , vL ), (vL , vK )
and (vK , 3vL ), (vL , 3vK ) in the (+,+) and (+,3)
quadrants, respectively, of the 2D frequency-domain
spectrum [15,16]. The characteristics of the HYSO-
CRE spectra have been described for I = 1/2 having
either anisotropic [25] or an axial g-tensor [26], for
I = 1 [27], and more recently for I = 3/2 [18]. In the
limit of a weak hyper¢ne interaction, the contribu-
tions with positive phase modulation dominate and
the cross-peaks appear predominantly in the (+,+)
quadrant [16,27]. In the opposite limit of a strong
hyper¢ne interaction, the contributions with negative
phase modulation dominate and the cross-peaks ap-
pear predominantly in the (+,3) quadrant [16,27].
When the hyper¢ne and Zeeman coupling have sim-
ilar magnitude, i.e., in the matching regime
AisoV2vI , then the cross-peaks in the 2D-HYS-
CORE spectrum have comparable intensity in both
quadrants. In Fig. 4, we show representative 2D-
correlation ridges for a single I = 1/2 nucleus;
at each panel in this ¢gure only the quadrant with
the stronger lines is displayed. These kinds of spec-
tra are pertinent in cases of 15N modulations in
PSI.
For one 14N(I = 1) nucleus, 18 correlation ridges
are predicted; however, not all of them are resolved
in experimental HYSCORE [27]. In general, frequen-
cies characterized by strong dispersion, due to aniso-
tropy, are di⁄cult to resolve in ESEEM spectrosco-
py. In cases of non-negligible hyper¢ne anisotropy,
14N-cross peaks involving the double quantum lines
are usually less-dispersed and dominate the HYS-
CORE spectrum [27].
The superiority of HYSCORE over one-dimen-
sional ESEEM for the determination of the basic
nuclear frequencies has been demonstrated experi-
mentally in photosynthetic systems, i.e., the pheo-
phytin radical [22], the primary semiquinone Q3A
[28], and the carotenoid cation [29] of PSII, as well
as in the bacterial primary electron donor [30] and
P700 in PSI [31].
3.5. ESEEM originating from electron^electron vs.
electron^nuclear interactions
It has been shown [11^13,80] that in the case of
weakly coupled radical pairs, the intensity of the
electron spin echo, which is phase-shifted, might be
modulated at the frequency of the magnetic interac-
tion between the electron spins. This type of
ESEEM, i.e., due to electron^electron coupling,
known as ‘out-of-phase ESEEM’ (see [14]) can in
certain cases occur in addition to the electron-nuclear
ESEEM [12,32]. In such a case, the proper deconvo-
lution of the two contributions to the observed
ESEEM is required before the use of the ‘out-of-
phase’ ESEEM is used to estimate the magnetic in-
teraction between the partners of the radical pair.
Improper deconvolution of the nuclear modula-
tion could lead to an overestimate of the dipolar
and/or exchange couplings between the interacting
electron spins of a radical pair (as pointed out in
[32]).
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3.6. Interpretation of the spin-hamiltonian parameters
and their relation to structure
3.6.1. Anisotropic hyper¢ne interaction
The geometric information obtained by ESEEM
that is most directly related to interatomic distances
derives from the anisotropic portion of the electron-
nuclear hyper¢ne interaction. For cases where the
interaction concerns the electron spin and nearby
nuclei, the hyper¢ne interaction is often axially sym-
metric [33]. The main factors limiting the applicabil-
ity of the point dipole model include (a) highly de-
localized electron spins which produce anisotropic
dipolar hyper¢ne couplings not describable by a
point dipole model [33], and (b) local p spin-densities
often produce anisotropic hyper¢ne couplings, i.e.,
an electron spin occupying a p orbital generates ani-
sotropic hyper¢ne interaction at a nucleus located at
the center of the orbital [10,33]. This is the case often
encountered in PSI radicals, for example P700, where
the unpaired electron occupies delocalized p orbitals
[34]. In such cases the observed anisotropic hyper¢ne
coupling re£ects mainly the p-spin density distribu-
tion.
Proton couplings often give rise to shallow modu-
lations at X-band [9,10]. In such cases improved
Fig. 4. Theoretical line shapes of the cross-peaks of 2D-HYSCORE spectra for a single I = 1/2 nucleus coupled to a S = 1/2 spin, cal-
culated for vI = 1.49 MHz. The isotropic, Aiso, and the axially anisotropic, T, hyper¢ne coupling parameters used are: (Aiso, T) =
(0.4 MHz, 0.2 MHz) in panel A, (1.0 MHz, 0.8 MHz) in panel B, (1.7 MHz, 0.8 MHz) in panel C, (2.4 MHz, 1.1 MHz) in panel D,
(4.0 MHz, 0.2 MHz) in panel E, (6.0 MHz, 4.0 MHz) in panel F. Reprinted from [22] with permission. Copyright 1997, American
Chemical Society.
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modulation depths can be obtained by replacing pro-
tons with deuterium [9,10]. In estimating the elec-
tron^deuterium distance the 2H-quadrupole interac-
tion is frequently neglected since this would lead to
no more than a 10% underestimate of interatomic
distances [9].
3.6.2. Isotropic hyper¢ne interaction
Unpaired s-spin density at the nucleus may be de-
duced from the isotropic hyper¢ne coupling Aiso, e.g.,
by comparison the experimental with reference Aiso
values for one s-electron localized 100% at a given
nucleus [33]. The sign of the isotropic hyper¢ne in-
teraction is indicative of its quantum mechanical ori-
gin: direct, through-bond spin transfer puts positive
spin density at the nucleus corresponding to positive
Aiso [33]. It should be noted, however, that in general
the ESEEM spectra are not sensitive to the sign of
the hyper¢ne coupling parameters [9]. In chlorophyll-
type cations, molecular orbital calculations indicate
that the mechanism of spin polarization contributes
signi¢cantly to the nitrogen hyper¢ne couplings, i.e.,
between neighboring carbon and nitrogen atoms [34].
3.6.3. Nuclear quadrupole coupling parameters
Nuclear quadrupole couplings (NQC) in molecules
are in general only qualitatively understood. The
analysis of the experimental 14N-NQC is usually
based on a simpli¢ed model originally proposed by
Towens and Dailey [35] which assumes that the ob-
served electric ¢eld gradient on a 14N nucleus is due
to di¡erent populations of the three p orbitals 2px,
2py, 2pz. The measured NQC parameters may serve
as reference for the identi¢cation of the molecule
bearing the interacting nucleus. In certain cases, the
NQC parameters can be correlated with speci¢c
structural-electronic properties of the molecule.
This approach was employed in the case of the P700
in single crystals of PSI [36].
4. Application of ESEEM in PSI
The elucidation of the electron distribution on the
cationic radical form of the primary electron donor,
P700, was among the early aims for the application of
ESEEM spectroscopy to PSI. More recently,
ESEEM has been applied to study the protein envi-
ronment of the phyllosemiquinone A31 . In the studies
of P700, the chlorophyll a cation radical, Chl

a , served
as a reference molecule for the interpretation of the
experimental data particularly for the assessment of
the monomeric vs dimeric character of electron dis-
tribution on P700. Therefore for the sake of complete-
ness, the ESEEM data for Chla are also included in
the present review.
4.1. ESEEM of P700
+
Numerous investigations have focused on the
structural and electronic properties of P700 : early op-
tical [37] data led to the suggestion that P700 is a
dimmer of chlorophyll a molecules. Later this was
questioned and the nature of P700 has been debated
based on many lines of experimental evidence (for
reviews see for example [5,38^40]). The crystal struc-
ture of PSI at 4.5 Aî resolution indicated that the
neutral form of the P700 is most likely a pair of chlo-
rophyll a molecules [2] in agreement with earlier res-
onance Raman results [41]. The recent model with a
resolution of 2.5 Aî shows that one of the chlorophyll
molecules is in fact the epimer chlorophyll aP [3]. In
contrast, the electronic structure of the cation radical
P700 is still a matter of debate. Early c.w. EPR [42]
and 1H-electron nuclear double resonance (ENDOR)
[43] data on P700 in frozen solution were interpreted
in terms of a ‘special pair’ of two Chla molecules
each sharing 50% of the unpaired electron. This con-
clusion was contradicted in subsequent 1H-ENDOR
work [44] where it was suggested that in P700 the
unpaired electron is located on a monomeric Chla .
However, more recent 1H-ENDOR results were in-
terpreted again in terms of a strongly asymmetric
(e.g., a ratio of 3:1 in [45] and 85:15 in [47]) spin
density distribution. As stated in reference [31], the
evaluation of the 1H-hyper¢ne spectrum (ENDOR)
su¡ers from poor resolution due to the large number
of hydrogen nuclei coupled to the unpaired spin in
P700, leading to many overlapping hyper¢ne lines
[31]. An alternative way to probe the spin density
distribution in P700 is to determine of the nitrogen
hyper¢ne couplings. In this respect ESEEM spectros-
copy on P700 has proven to be very useful in the
study of 14N-labeled PSI [46,48,49] or 15N-labeled
PSI [31,48,50,54]. These ESEEM data and the rele-
vant ENDOR studies are discussed in detail below.
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In the cases mentioned above, the analysis of the
P700 hyper¢ne couplings relied mainly on compari-
sons with the hyper¢ne couplings of the Chla cation
radical [31,46,49,50,54]; the relevant values measured
for Chla are summarized in Table 2. In all cases the
measured nitrogen hyper¢ne couplings for P700
[31,46,48^50,54] were found to deviate from those
of the Chla . In the literature, however, this spectro-
scopic di¡erence has been interpreted in two con-
trasting models. The two approaches adopted for
interpreting the measured hyper¢ne couplings of
P700 are reviewed below. However, before addressing
that question, we brie£y review the pertinent
ESEEM studies of the Chla radical in vitro.
4.1.1. Chla
+ as a reference molecule for the oxidized
form of P700
In their pioneering work, Bowman et al. [51] in-
troduced the application of ESEEM to study the spin
density of Chla . Based on analysis of the modulation
depth of the time-domain two-pulse ESEEM data in
[14N]Chla and [
15N]Chla recorded at 20 K, they esti-
mated an average Aiso(14N) of V2.8 MHz [51].
Shortly afterwards, in a seminal paper, taking into
account additional three-pulse ESEEM data in the
frequency domain, Dikanov et al. further re¢ned
the analysis [52], estimating Aiso(14N)V1.5^3 MHz,
e2qQ/h = 3.08 MHz and R= 0.52, for [14N]Chla . Sub-
sequently, the same group reported ESEEM spectra
of [14N]Chla with improved resolution; the spectra
were characterized by peaks at 0.8, 1.6, 2.0, 2.4, 2.8
MHz accompanied by weak features at higher fre-
quencies [53]. These features were assigned to the
nuclear transitions of two types of 14N atoms, corre-
sponding to the following electron orbital con¢gura-
tions [53]:
The nuclear coupling parameters for these nuclei
were estimated (Aiso, e2qQ/h, R) = (2.95 MHz, 2.68
MHz, 0.6) and (e2qQ/h, R) = (3.18 MHz, 3.2 MHz,
0.5), respectively [53].
Recently, [15N]Chla has been studied by HYS-
CORE spectroscopy [31]. The HYSCORE spectrum
of [15N]Chla (see Fig. 5) contains spread cross-peaks
due to 15N(I = 1/2) nuclei with comparable intensity
in both the (+,+) and (+,3) quadrants [31].
This indicates the existence of anisotropic 15N-hy-
per¢ne couplings with sizes comparable to
2vI (15N)V3 MHz (see e.g. Fig. 4). More recent
ESEEM data on Chla , together with molecular orbi-
tal calculations, (see Table 2 and [54]) indicate that
the spin density is distributed inhomogeneously over
the nitrogens of the chlorophyll cation.
Two sets of (e2qQ/h,R), listed in Table 2, were also
reported in a recent ESEEM study of the
[14N]methylchlophyllide-K cation [36], as an analogue
of chlorophyll-K cation. The population analysis of
these data [36] according to the Towens^Dailey mod-
el [35] showed that the electron occupation of the
Fig. 5. Contour plots of HYSCORE spectra of [15N]Chlca . The
observed cross-peaks are due to the 15N(I = 1/2) nuclei of the
chllorophyl cation. Experimental conditions: T = 20 K,
t1Ut2 = 165U165 points, d= 320 ns, nuclear Larmor frequency
v15N = 1.48 MHz. Reprinted from [31] with permission. Copy-
right 1995, Elsevier Science.
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2pz-orbitals of these two nitrogens are a = 1.49 þ 0.2
[36]. In the same work it was found that the popu-
lation of the c-orbitals, which point towards the cen-
tral Mg atom, are c = 1.42 [36]. The ¢nding that as c
led to the conclusion that the maximum principal
axis of the pertinent 14N quadrupole tensor is ori-
ented normal to the molecular plane [36].
4.1.2. The ESEEM spectrum of P700
+
4.1.2.1. 14N-labeled PSI. Typically, the frequency
domain-stimulated ESEEM spectrum of [14N]P700
[48] is characterized by relatively sharp features in
the region 0.8^3.0 MHz (see Fig. 6A) accompanied
by broader features in the region 4^6 MHz. The
spectrum recorded at 9.72 GHz in Fig. 6A, is similar
to that reported earlier by Davis et al. [49] at a fre-
quency of 9.75 GHz. Similar, though less well re-
solved, features were detected in the early ESEEM
of [14N]P700 recorded at 77 K [46]. The lower resolu-
tion in [46] might be attributed to experimental fac-
tors, i.e., dead-time, resonator bandwidth or/and
data treatment, i.e., zero-padding (for more detailed
discussion on the in£uence of these factors on
ESEEM spectra see [9,10]). Nevertheless in this early
ESEEM work it was already concluded that the spin
density over P700 is mainly localized on one chloro-
phyll molecule [46].
The prominent features in the ESEEM spectra of
[14N]P700 (Fig. 6A), are characteristic of
14N modu-
lations in cases where the nuclear frequencies are
determined mainly by the 14N nuclear quadrupole
couplings, i.e., in the case of the so-called ‘cancella-
tion condition’ when Aiso(14N)V2vI [9,48], (see also
Fig. 6. (A) Cosine Fourier transformations of stimulated-ESEEM time-domain traces for P700 in [
14N]PSI, recorded at various micro-
wave frequencies. Experimental conditions: magnetic ¢eld and microwave frequencies as noted in the ¢gure. d values (a) 250 ns,
(b) 162 ns, (c) 300 ns, (d) 400 ns. T = 4.2 K. (B) Cosine Fourier transformations of stimulated-ESEEM time-domain traces for P700 in
15N-labeled PSI, recorded at various microwave frequencies. Experimental conditions: magnetic ¢elds as noted in the ¢gure. d values
(a) 222 ns, (b) 318 ns, (c) 400 ns. T = 4.2 K. Reprinted from [48] with permission. Copyright 1998, American Chemical Society.
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the theoretical spectra in Fig. 3). The observation of
these spectral features in the X-band ESEEM of
[14N]P700 indicates that at least some of the
14N-nu-
clei of P700 have hyper¢ne couplings Aiso(
14N)V
2 MHz.
4.1.2.2. 15N-labeled PSI. The frequency domain-
stimulated ESEEM spectrum of [15N]P700 is dominat-
ed by a composite strong feature in the region 6 1
MHz (see Fig. 6B) accompanied by broader features
in the region 3^5 MHz [48,50,54]. This spectrum is
characteristic of I = 1/2 couplings, due to 15N of P700
in the ‘matching’ regime [19], i.e., when
(Aiso+2T)V4vI (15N) (see Eq. 1a and the simulation
in Fig. 1). In this context, by varying the microwave
frequency in the range 8.97^14.335 GHz, Mac et al.
[48] were able to ‘¢ne tune’ the matching of the nu-
clear Zeeman interaction of certain 15N nuclei of P700
with their hyper¢ne coupling, see Fig. 6B. Based on
this multifrequency ESEEM of 14N and [15N]PSI,
Mac et al. [48] determined the hyper¢ne and the
quadrupole couplings of four 14N of P700 (listed in
Table 1).
In all the cases listed in Table 1, the resolved nitro-
gen hyper¢ne couplings of P700 are smaller then those
of the reference monomeric chlorophyll cation in vi-
tro, see Table 2. However, the actual values for the
nitrogen hyper¢ne coupling parameters reported by
the di¡erent groups vary markedly. Worse still, as we
shall see, the interpretation of the experimental spec-
tra is a subject of some controversy with arguments
for two contrasting models being propounded: (1) a
monomeric spin density distribution, versus (2) a di-
meric (albeit asymmetric) spin density distribution.
In what follows we shall describe the two models,
assess their experimental basis, provide some com-
mentary on the physical aspects of the arguments
and provide a possible explanation that rationalizes
the apparently con£icting observations.
4.2. Interpretation of the spin-hamiltonian parameters
of P700
+
4.2.1. On the disagreement over the nitrogen hyper¢ne
coupling parameters
The extraction of hyper¢ne coupling parameters
from ESEEM data of P700 is not straightforward
and detailed simulations are required. Among the
articles in which nitrogen hyper¢ne coupling con-
stants were reported [48,49,54], see Table 1, the ni-
trogen hyper¢ne coupling constants from Mac et al.
[48] were obtained from consistent simulations of
both the 15N and the 14N multifrequency ESEEM
data of P700. Thus at the present time it is reasonable
to consider these as the best quantitative estimates
for the nitrogen hyper¢ne coupling constants of P700.
For the interpretation of the data with regard to the
monomer versus dimer debate, the actual numbers
are of relatively little importance since all agree
that they are diminished relative to those expected
for a Chla monomer. What is important is the phys-
ical origin of this decrease, as discussed below.
4.2.2. The dimeric spin-distribution model
The original explanation (see above) for the dimin-
ished hyper¢ne coupling constants (both for 1H and
Table 1
14N-hyper¢ne (Aiso)a and quadrupole coupling (e2qQ/h, R)parametersb for P700 determined by ESEEM
I II III IV V Ref. Deduced spin distribution model
Aiso, 2.13 2.06 1.95 2.19 - [48]
e2qQ/h, R 2.69, 0.87 3.10, .20 2.69, 0.87 2.81, 0.70 Monomeric
Aiso 2.36 1.95 1.13 0.67 0.25 [54] v6:1
e2qQ/h, R ^ ^ ^ ^ ^
Aiso 1.40 1.33 0.33 0.13 ^ [50] ^
e2qQ/h, R ^ ^ ^ ^
Aiso ^ ^ ^ ^ ^ [36] PSI single crystals
e2qQ/h, R 2.99, 0.73 2.80, 0.81 2.66, 0.83 2.64, 0.77 2.53, 0.77 7:1
Aiso 2.38 2.23 ^ - ^ [49] 3:1^4:1
e2qQ/h, R 2.72, 0.73 2.97, 0.78
aThe Aiso values correspond to 14N couplings. The values from [50,54] have been scaled down by a factor gn(15N)/gn(14N) = 1.5.
bAiso and e2qQ/h are in MHz.
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14N) was that this was due to a sharing of the spin
density over the two chlorophyll molecules proposed
to constitute P700. The ESEEM data showing the
decreased N hyper¢ne coupling constants [31,49,54]
were interpreted following this line of thought. Thus
the smaller values for the nitrogen hyper¢ne cou-
plings for P700 compared with those of Chl

a were
taken as indicating a strongly asymmetric distribu-
tion, i.e., 6:1 [31,54] or 3^4:1 [49] of the spin density
over the P700 chlorophyll pair.
Apart from relying on the simple inter-relationship
between changes in the hyper¢ne coupling constants
and the spin delocalization (which as described below
is not necessarily so simple), the estimates for the
degree of delocalization also depend on the actual
values for the N hyper¢ne coupling constants over
the two chlorophylls of P700.
In complicated molecules such as the chlorophyll,
the nitrogen hyper¢ne couplings re£ect only a small
fraction of the total spin density. For example, ac-
cording to the experimental and theoretical data
listed in Table 2, [31,34,53], the sum of the hyper¢ne
couplings at the four 14N atoms in Chla is of the
order of V10 MHz, thus the four 14N atoms in
Chla share a small fraction of the total spin density,
i.e., V10/1811 = 0.0055 [55]. This spin density is cre-
ated mainly via spin polarization from the large frac-
tion of spin residing at the carbon atoms [34]. Thus a
modest redistribution of the spin density, even within
the same molecule, might induce a change of the Aiso
in some nitrogens. Therefore, a change of the nitro-
gen Aiso values does not necessarily re£ect a spin
delocalization over a second molecule, i.e., it might
as well originate from a redistribution of the spin
density within the same molecule. Indeed, Ka«ss et
al. [54] noted that the maximum component of the
15N-hyper¢ne tensor (5.84 MHz) observed in
[15N]P700 is larger than the maximum
15N-component
(5.50MHz) observed in [15N]Chla , indicating that a
redistribution of the spin density does happen in the
chlorophyll molecule of P700 compared to Chla . In
conclusion, the mere observation of reduction of the
nitrogen hyper¢ne couplings is not unambiguous
proof of true delocalization of the spin over the
two chlorophylls of P700 since it could result from
a simple redistribution of the spin density within
one of the Chla halves of P700.
Ka«ss et al. [31,36,54] however provided what ap-
peared to be a much stronger argument for spin de-
localization based on the observation of a ¢fth nitro-
gen coupling which was attributed to spin density on
the second chlorophyll. In principle, the demonstra-
tion of more than the four nitrogen couplings arising
from the tetrapyrrol nitrogens of single chlorophyll
should be good evidence for the spin density being
delocalized on an additional chlorophyll. It is pre-
dicted that such a coupling on the other half of
P700 should require the resolution of very weak hy-
per¢ne couplings, i.e., those resulting from the minor
fraction of the delocalized spin.
Ka«ss et al. provided three lines of experimental
evidence for a weak ¢fth nitrogen coupling (see Ta-
ble 1): (1) 15N-ENDOR [31] showed a coupling that
was absent in monomeric Chlca , (2) HYSCORE
Table 2
14N-hyper¢ne (Aiso)a and quadrupole coupling (e2qQ/h, R) parametersb for Chla
c determined by ESEEM
B D A C Ref.
Aiso 2.86 2.86 2.3 2.10 [50]
e2qQ/h, R ^ ^
Aiso 2.95 3.18 ^ - [53]
e2qQ/h, R 3.2, 0.5 2.68, 0.60
Aiso ^ ^ ^ ^ [36]
e2qQ/h, R 3.23, .49 2.64, 0.60
Aiso 2.26 1.26 0.93 0.75 [54]
e2qQ/h, R ^ ^ ^
Aiso 2.71 1.69 1.35 1.25 RHF-INDO/SP [54]
^ ^
aThe Aiso values correspond to 14N couplings. The values from [50,54] have been scaled down by a factor gn(15N)/gn(14N) = 1.5.
bAiso and e2qQ/h are in MHz.
cAssignment of the rings according to [34].
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spectroscopy on 15N-labeled PSI showed a similar
weak 15N-hyper¢ne coupling (Aiso(15N)V0.5 MHz)
which was not detected in ESEEM spectra of mono-
meric [15N]Chla radical [31], and (3) ESEEM on PSI
crystals allowed these workers to propose the pres-
ence of a ¢fth 14N coupling [36] with quadrupole
coupling parameters (e2qQ/h, R) = (2.53, 0.77), (see
Table 1). Because of the importance of these data,
it is worth examining them critically and in some
detail.
4.2.2.1. 15N-ENDOR. The c.w. ENDOR cou-
plings seen by Ka«ss et al. [31] seem to be present in
the later study of Mac et al. [48,56] so there should
be no disagreement about their existence.
4.2.2.2. 15N-ESEEM. According to the theory of
the ESEEM spectra [9], a 15N(I = 1/2) nucleus with
Aiso6 vI is expected to give a feature centered at the
15N Larmor frequency V1.5 MHz with intensity de-
termined by its anisotropic hyper¢ne coupling [9].
Weak features centered at 1.5 MHz have been ob-
served in all the reported stimulated ESEEM spectra
of [15N]P700 [31,48,49,54]. Ka«ss et al. [31,54] have
interpreted this feature as being due to a ¢fth weakly
coupled 15N, see Table 1. Due to the complicated
nature of the ESEEM spectra of P700, a putative
weak nitrogen coupling Aiso6 vI is expected to be
di⁄cult to resolve in 1D-ESEEM (see for example
the theoretical analysis of the 1D-ESEEM for
15N(I = 1/2) and 14N(I = 1) in Figs. 2 and 3, respec-
tively). The ESEEM features pointed out by Ka«ss et
al. are indeed weak and their origin has been dis-
puted [48], nevertheless this assignment is strongly
supported by the HYSCORE data from 15N-labeled
PSI [31], (see Fig. 7 and below).
It is predicted that the HYSCORE spectrum of
[15N]P700 with a weak
15N coupling AisoIvI would
give rise to a signal similar to that shown in the
simulated HYSCORE spectrum of Fig. 4A. The
15N HYSCORE of P700 has been reported [31] and
indeed exactly such a cross-peak at [V+1.1 MHz,
V+1.8 MHz] is present (Fig. 7). This cross-peak is
most likely due to a 15N nucleus with AisoV0.7
MHz. There is then good evidence for a weak ¢fth
15N coupling.
A speci¢c criticism raised by Mac et al. [48] against
the assignment of the 15N-ESEEM data of Ka«ss et
al. [31,54] was that the weak features attributed to
the purported ¢fth coupling (i.e., the features at 1.4^
1.6 MHz in the 1D-ESEEM) could in fact be due to
residual 14N in the 15N-labeled PSI [48]. This argu-
ment can be countered by the following considera-
tions. According to the data for [14N]P700 (see Table
1), the expected 14N cross-peaks in the HYSCORE
of P700 will occur at (5.0^5.5, 2.6^2.8), (5.0^5.5, 1.4^
1.8), (5.0^5.5, 0.8^1.0). This is so because these 14N-
hyper¢ne tensors are close to the cancellation condi-
tion, therefore its HYSCORE spectrum should con-
tain strong cross-peaks at (vdq, v), (vdq, v3) (vdq, v0)
[27,28]. This is exactly what is seen in the experimen-
tal HYSCORE spectrum (Fig. 8) recorded in
[14N]P700 [57]. Similar
14N-HYSCORE has been ob-
tained in our own laboratory (Deligiannakis and
Fig. 7. Contour plots of HYSCORE spectra of [15N]P700. The
observed cross-peaks are due to 15N(I = 1/2) nuclei. Experimen-
tal conditions: T = 20 K, t1Ut2 = 165U165 points, d= 360 ns,
nuclear Larmor frequency v15N = 1.48 MHz. Reprinted from
[31] with permission. Copyright 1995, Elsevier Science.
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Rutherford unpublished). Thus, even if residual
[14N]P700 existed in the
15N-labeled sample, none of
the 14N cross-peaks would occur around the (V1.5,
V1.5 MHz) frequencies in the HYSCORE of
[15N]P700. This argument provides support for the
conclusion that the observed cross-peak at (+1.1
MHz, +1.8 MHz) in the HYSCORE of [15N]P700
(Fig. 7) is most likely due to 15N nuclei with
AisoV0.7 MHz.
4.2.2.3. The NQI for the weak ¢fth N cou-
pling. The ESEEM data for P700 recorded on single
crystals of [14N]PSI, allowed the re¢nement of ¢ve
14N-quadrupole coupling tensors [36], see Table 1.
Four of these 14N-quadrupole tensors were assigned
to one of the two chlorophyll molecules of P700, i.e.,
that carrying the major fraction of the unpaired spin
density, while the ¢fth quadrupole tensor was con-
sidered to belong to the second chlorophyll molecule
of P700 pair [36]. In this work [36], this ¢fth
14N-NQI
tensor corresponds to the weakly coupled nitrogen
nucleus whose hyper¢ne coupling was resolved in
the 15N-labeled P700 i.e., Aiso(
15N)V0.5^0.7 MHz
[31,54].
However, the assignment of the nuclear frequen-
cies of this ¢fth 14N-NQI tensor deserves some com-
ment. According to reference 36, the ESEEM spectra
of P700 in single crystals of [
14N]PSI were analyzed
based on the assumption that the observed features
correspond to the three 14N-nuclear quadrupole fre-
quencies (see Eqs. 2a^c). In the case of the 14N nuclei
of P700 having K values in the range 0.8^0.6 MHz
(see Table 1), the cancellation condition is valid for
MvI3Aiso/2M6 2K/3 that is Aiso values in the range
1.3^2.9 MHz. Though this condition is ful¢lled for
four of the 14N-nuclei of P700, this is not so for the
¢fth 14N-nucleus; for this nitrogen the HYSCORE
[31] and 15N-ENDOR [31] data provide evidence that
it should have Aiso6 2vI . In the case of Aiso6 2vI the
14N nuclear transitions (approximated by Eqs. 3a^c)
deviate signi¢cantly from v, v3, v0 and are strongly
orientation dependent. However, in the single-crystal
ESEEM spectra of P700 in [36], the frequency posi-
tions assigned to the ¢fth weakly coupled 14N did not
show any of this predicted orientation dependence.
Moreover these frequency positions were assigned to
v, v3, v0 and this does not agree with Eqs. 3a^c.
Overall then, we consider that the assignment and
the analysis of the features of the ¢fth 14N in [36]
should be reconsidered. Nevertheless, these doubts
do not a¡ect the conclusion based mainly on the
15N-HYSCORE and the ENDOR [31] that a weak
¢fth N coupling exists in P700. However, as described
in the next section, this conclusion does not inevita-
bly lead to the conclusion that the spin is delocalized
on to a second chlorophyll.
4.2.3. monomeric model for spin distribution in P700
+
In this model as used by Mac et al., the nitrogen
hyper¢ne couplings observed in P700 [48] was inter-
preted as due to a purely monomeric spin-density
distribution in P700. In this case [48], the observed
decrease in the spin density distribution in P700 com-
pared to that found in Chla was interpreted accord-
ing to a hybrid orbital model, proposed earlier by
O’Malley and Babcock [44] to explain the 1H-EN-
DOR data. This model predicts an admixing of the
¢rst excited state by e.g., 25% to the ground state
[48]. Of particular relevance is that this hybrid orbital
model predicts that in the excited state of P700, one of
its Mg2 atoms bears a small, but non-zero, spin
density [48].
ENDOR and ESEEM data on the P700 radical in a
Fig. 8. Contour plots of HYSCORE spectra of [14N]P700. Re-
printed from [57] with permission. Copyright 1995, Kluwer
Academic Publishers.
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histidine-tolerant mutant from Synechocystis PCC
6803 labeled with 15N-labeled His (and with 14N-la-
beled His in a 15N-labeled background) provided evi-
dence for a weak hyper¢ne interaction between P700
and a 14N from a histidine [56]. The c.w. ENDOR
spectra of all-15N-enriched PSI samples contained
peaks at 1.12 MHz and 1.78 MHz which were absent
in [15N]PSI with 14N-labeled histidine [56]. This
shows that the signals are due to [15N]histidine inter-
acting with P700 with a
15N coupling of V0.6 MHz.
The ESEEM data showed that this is not due to the
anisotropic part of this 15N coupling but rather that
it represents the isotropic part, i.e., AisoV0.6 MHz
[56].
The reported weak isotropic coupling (Aiso = 0.6
MHz) in [56] indicates that a small fraction of the
spin density is transferred to a histidine. Accordingly
these data were interpreted as indicating that a his-
tidine is an axial ligand to the Mg atom of the spin-
density-carrying Chla molecule of P700 [56]. As men-
tioned above, the non-zero spin density on the Mg2
was predicted in the context of the hybrid molecular
orbital model discussed above [48,56].
4.2.4. A rationalization of the data
As we described above, the proponents of the
monomer and dimer models have disputed aspects
of interpretation and of experiment ¢ndings. In the
critical overview given above it is possible to ¢nd
new common ground with regard to the experimental
data. The two key observations are (1) the presence
of a weak ¢fth coupling as demonstrated by Ka«ss et
al. [31,54], and (2) the presence of a coupling arising
from a (labeled) axial histidine nitrogen as demon-
strated by Mac et al. [56]. It seems reasonable to us
that these couplings could be one and the same. In-
deed, the Aiso values obtained in the two relevant
studies are very similar. Now, given that the EN-
DOR data of Mac et al. [56] clearly show that this
coupling arises from a histidine nitrogen and this is
most likely an axial ligand, then this is strong evi-
dence that spin density is indeed present on the Mg2
and thus supports the hybrid orbital model that is
the basis of the monomeric spin density distribution
model.
A small problem with this rationalization is that
the hybrid orbital model [44,48] predicts positive ni-
trogen spin densities on P700. In contrast, the earlier
15N-TRIPLE ENDOR data [31] indicated that at
least two 15N spin densities are negative [31] ; this
negative spin density on the nitrogen is induced via
the spin polarization mechanism from the large spin
densities at the nearby carbon atoms of the P700 mac-
rocycle [31,34]. We consider that the details of the
hybrid orbital model have yet to be worked out and
it seems likely that future work will allow this model
to be signi¢cantly re¢ned, allowing for a reconcilia-
tion of this contradiction. Indeed, recent improved
hybrid density functional calculations for a mono-
meric Chla show that the spin densities in the nitro-
gens are negative [58].
Overall, then, we consider that the experimental
data best ¢t the monomeric (hybrid orbital) model
and the evidence for spin density distribution over
the second chlorophyll can be reinterpreted within
this model. We cannot conclude the spin delocaliza-
tion over the second chlorophyll is absent, only that
the ESEEM and ENDOR evidence can be explained
without it. Although some weak spin density distri-
bution on the second chlorophyll cannot be ruled
out, at present, however, we consider that the exper-
imental evidence does not favor such a model. In
contrast, Fourier transform infrared spectroscopy
(FTIR) [59,60] provides direct evidence for signi¢-
cant delocalization of the spin density over both
chlorophylls. This can be reconciled with the EPR
data if the degree of delocalization suggested from
the FTIR is an overestimation and/or if the delocal-
ization is temperature dependent, i.e., the localization
being less marked at low temperature. In any case, a
complete picture will be obtained when a full descrip-
tion of the location of spin density on P700 is ob-
tained. This requires more detailed ENDOR and
ESEEM measurements.
4.3. Hyper¢ne spectroscopy studies on P700
+ and
relevance to structure and function
The most straightforward result coming from hy-
per¢ne spectroscopy would appear to be the ¢rst
direct evidence that the axial ligand to the spin bear-
ing chlorophyll is a histidine [56]. The crystal struc-
ture with resolution of 2.5 Aî [3] recently veri¢ed this
result. Histidine ligation had been predicted for some
time from comparative studies with bacterial reaction
centers [61^63] and mutagenesis has shown speci¢c
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perturbations of di¡erent spectroscopic features
[64,65] but none of these were direct evidence for
histidine as an axial ligand.
As described above, the ESEEM and ENDOR
studies have focused on the question of spin distri-
bution in P700 with the data being compatible with a
monomeric model. What has been clear for years
from absorption studies, EPR triplet studies and
comparative spectroscopy is that P700 is made up
two chlorophyll molecules in roughly similar posi-
tion, orientation and inter-relationship as the bacter-
iochlorophylls of the special pair that makes up the
primary electron donor in (purple) bacterial reaction
centers (reviewed in [5]). This was recently veri¢ed by
X-ray crystallography [3].
In the bacterial reaction centers the degree of de-
localization of the spin density over the special pair
has sometimes been taken as being related in some
way to the directionality of electron transfer. In PSI
this relationship clearly does not hold since this a case
where the spin density appears to be speci¢cally on
one of the two chlorophylls and yet recent data seems
to show clearly that electron transfer takes place up
both sides of the reaction center [66]. What is relevant
to the charge separation pathway is the excited state
of P700. The approximately equal distribution up both
sides of the reaction center indicates that the excitoni-
cally coupled excited state of P700 must be a symmet-
rical state at least at physiological temperature. The
location of the cation is perhaps more relevant to its
reduction kinetics; however, it is premature to discuss
such possibilities before it is demonstrated that the
spin distribution over a single chlorophyll exists at
physiological temperatures.
The conclusion that the spin density on P700 is
localized (at low temperature) is nevertheless signi¢-
cant because it shows that the structural environment
of the chlorophyll pair making up P700 is asymmetric.
The asymmetric structure of P700 has been con¢rmed
recently by X-ray crystallography that has provided
new details [3]. In particular, the chlorophyll on the
PsaA side of P700 is the epimer chlorophyll aP and is
involved in several H-bonds, while the PsaB side is a
normal chlorophyll a which undergoes no H-bond-
ing. From energetic considerations, (and experimen-
tal precedence with bacterial reaction centers [67]), it
is expected that the non-H-bonded side (i.e., the
PsaB side) corresponds to that bearing the spin den-
sity (see also [68]). The signi¢cance of this structural
asymmetry will undoubtedly be the subject of future
debate and experiment.
4.4. ESEEM on the phyllosemiquinone A31
The PSI reaction contains two phylloquinone mol-
ecules acting as electron carriers between the chloro-
phylls and the iron^sulfur clusters. It has been dem-
onstrated recently that the electron transfer rate from
the A31 to the iron sulfur cluster FX is ten times
faster (around 20 ns) on the PsaB side than on the
PsaA side. The phyllosemiquinone radical A31 of the
PSI has been studied by kinetic studies (see [14]) and
when trapped by illuminating under reducing condi-
tions at temperatures around 200 K [69^72]. A series
of EPR studies on the trapped A31 radical provided
detailed structural information on this state. For ex-
ample, the orientation of the semiquinone [70], its
electrostatic environment [70], its distance from FX
[71] and its position in reaction center [70,71] were all
obtained from such studies. Pulsed EPR methods
obtained similar orientation and positioning infor-
mation and by using single crystals were able to re-
¢ne further the position of A1 (see, e.g., [13,80,73]
reviewed in [14]). These ¢ndings from EPR studies
were recently veri¢ed using X-ray crystallography [3].
The ESEEM studies on the trapped A31 signal pro-
vided unique insight on the electronic environment of
the radical arising from interactions with the protein
[72]. Below we reiterate these ¢ndings and discuss
them now in the light of the recent crystallographic
structure.
4.4.1. ESEEM spectra of A31 and their interpretation
ESEEM spectra were obtained using 14N- and
15N-labeled PSI for the A31 radical state that was
generated by illumination at 200 K in chemically
reduced PSI [72]. Representative ESEEM spectra
are shown in Fig. 9. The observed modulations are
due to couplings between the A31 radical and nitro-
gen nuclei from the protein environment. Numerical
simulations of the spectra showed that the dominant
contribution to the ESEEM spectrum originates
from one coupled nitrogen, whose quadrupole cou-
pling parameters (e2qQ/h = 3.18, R= 0.18, see Table
3) are characteristic of the indole nitrogen of a tryp-
tophan residue [72].
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The hyper¢ne coupling parameters were unusual.
The relatively large isotropic interaction seen for the
coupling to the tryptophan nitrogen was explained
by a Z-stacking between the aromatic rings of the
semiquinone and the tryptophan. The dipolar part
gave an estimated distance between the indole nitro-
gen and the electronic spin on the semiquinone of
point^dipole distance of 3.7 Aî [72]. To rationalize
this relatively large distance with the presence of Z-
stacking it was postulated that the semiquinone ring
and the indole ring were partially overlapping. Fur-
thermore it was suggested that the pyrrol part of the
indole ring may be less involved in the ring overlap
[72].
The recent crystal structure [3] con¢rmed the pres-
ence of the tryptophan and the partial ring overlap
although the pyrrol part of the ring is in fact in-
volved in that overlap. It seems however that the
distance measurement was reasonable.
The ESEEM of A31 also showed weaker couplings
due to a second coupled nitrogen nucleus. However,
the coupling parameters of this second nitrogen cou-
pling were only determined with a large error due to
its very weak Aiso [72]. Given that there was some
evidence from ENDOR for H-bonding to the qui-
none [74] and given the precedence for H-bonds to
the carbonyls of semiquinones in other reaction cen-
ters (e.g., [28]), it seemed possible that this second
coupling arose from the nitrogen nucleus of an H-
bond donor originating in the protein [72]. Never-
Table 3
14N-hyper¢ne (Aiso) and quadrupole coupling (e2qQ/h, R) parameters for A31 in PSI determined by ESEEM
(Ax, Ay, Az) e2qQ/h R Assignment Ref.
(1.3, 1.3, 1.5) 3.18 0.18 [14N]Indole Trp [72]
(30.2, 30.2, 1.5) 1.8/3.4 0.85/0.6 a [72]
aThe assignment of the second nitrogen to the imidazole amino nitrogen of histidine or an amide nitrogen of an asparagine or gluta-
mate was postulated [72].
Fig. 9. Three-pulse ESEEM (A) and its Fourier transform (B) of the phyllosemiquinone radical A31 in [
14N]PSI. Experimental condi-
tions: T = 31 K, magnetic foiled 3457 Gauss, microwave frequency 9.65 GHz; d values from top to the bottom are 380, 312, 260, 244,
168 and 120 ns, respectively. (Inset) X-band c.w. EPR spectrum, recorded at T = 15 K, 50 WW (left) and ¢led-swept echo-detected
EPR spectrum, recorded at 32K, d= 144 ns (right) of A31 . Reprinted from [72] with permission. Copyright 1996, American Chemical
Society.
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theless this coupling was much weaker than those
seen with QA in other reaction centers [28], possibly
indicating a much weaker H-bond. The estimates of
the NQI for this weak coupling were also imprecise
so the information concerning the nature of the N
atom involved was weak. That did not prevent the
authors from taking a guess at a histidine but other
possibilities were also suggested [72].
The recent crystal structure [3] showed only a sin-
gle candidate for an H-bond to A1, a backbone
amide (on the PsaB side from leucine B702), at a
distance where the putative H-bond would be
weak. It seems likely that this peptide nitrogen cor-
responds to that detected as the weak coupling in the
ESEEM [72].
4.4.2. Signi¢cance of the amino
acid^phyllosemiquinone interactions
Earlier studies of the binding of a range of qui-
nones and quinoid compounds had provided several
insights concerning the structure of the quinone
binding site [73,74]. Indeed, the possibilities discussed
included Z-stacking of the quinone with an aromatic
amino acid [73,74]. The ESEEM [72], however, pro-
vided the ¢rst direct evidence for Z-stacking and for
a tryptophan residue forming part of the quinone
binding site. From the amino acid sequence for
PsaA and PsaB, each of the predicted n/nP helices
has a hydrophobic face that contains a highly con-
served tryptophan (PsaA W698, PsaB W677). Anoth-
er strongly conserved tryptophan (PsaA W707, PsaB
W686) appears towards end of this helix which
could, from the primary sequence, form part of a
hydrophobic loop. Accordingly it was suggested
[72] that one of these residues could be the trypto-
phan responsible for coupling to the semiquinone
and that it may be homologous to tryptophan 252
from the Rhodobacter sphaeroides M submit. The
experimental evidence from ESEEM for close prox-
imity and Z-stacking between the A31 and a Trp res-
idue, was subsequently backed up by modeling stud-
ies of the A1 site that focused on tryptophan residues
W698 of PsaA and W677 of PsaB [75].
The demonstration by ESEEM of tryptophan in
the quinone site led to the likely residues becoming
candidates for site-directed mutagenesis studies. In-
deed recent results have shown that PsaA W698 and
PsaB W 677 have speci¢c e¡ects on electron transfer
reactions associated with A31 to FX [66]. Further-
more, using these mutants Guergova-Kuras et al.
[66] also obtained strong evidence that electron
transfer occurs on both sides of the reaction center,
in agreement with earlier indications [77]. The recent
crystal structure showed that the phylloquinones on
both side had virtually identical structural relation-
ships with their respective tryptophans [3]. The re-
ported di¡erence in the A31 oxidation kinetics for
each side of the reaction center may, at least in
part, be due di¡erential electrostatic interactions
from two speci¢c phospholipid molecules located
one on each side of the reaction center [3].
Other site-directed mutagenesis experiments done
on the same basis showed a speci¢c relationship be-
tween the tryptophan residue on the PsaA side and
both the time-resolvable radical P700A
3
1 radical pair
and the photoaccumulatable A31 detected by pulse-
and c.w. EPR, respectively [78]. This ¢ts with the
idea that the time-resolved data only picks up the
longer-lived of the two P700A
3
1 radical pair, i.e.,
that on the PsaA side [66].
The functional role of the unprecedented stacking
of the semiquinone with the tryptophan ring has
been a subject of some speculation [72^76]. The focus
of most interest concerns the unusually low function-
al redox potential of the quinone (estimated to be
V600 mV lower than the quinones in other reaction
centers [5]). The unusual relationship with the tryp-
tophan may be related to this potential. The presence
of H-bonds would be expected to constitute an elec-
tropositive environment so it is not surprising that
there is only a single potential H-bond and that this
would appear to be weak.
An additional/alternative role for the tryptophan-
quinone interaction, i.e., that Z-stacking may con-
tribute the quinone binding, has been discussed
[72,73,79]. It is of note that the quinone binding sites
in reaction centers in purple bacterial and PSII reac-
tion centers show (at least) one H-bond per quinone
carbonyl and that the H-bonds seem to stronger than
the single H-bond detected for the semiquinone in
PSI. The single weaker H-bond will provide a weaker
site but increasing the number and strength of the H-
bonds would render the potential of A1 more posi-
tive and thus is not an option as a binding mecha-
nism in PSI. A contribution from Z stacking with
tryptophan thus makes good sense. It is consistent
BBABIO 45075 12-10-01
Y. Deligiannakis, A.W. Rutherford / Biochimica et Biophysica Acta 1507 (2001) 226^246244
with the observations that the A1-tryptophans are
not conserved in heliobacteria and green bacteria
and that the A1-quinones are easily lost from these
reaction centers (see [79]). It may soon be possible to
directly assess a potential redox role of the trypto-
phan based on the crystal structure and on site-di-
rected mutagenesis experiments. The well-known dif-
ferential binding of the two phylloquinones appears
unrelated to the tryptophans since their structural
relationship appears similar on both sides of the re-
action center [3]. The di¡erential binding properties
are likely to be associated with the recent ¢nding that
the tail of one of the phylloquinones is closely asso-
ciated with a carotenoid molecule [3].
5. Conclusions
Electron spin echo envelope modulation spectros-
copy is a well-established tool for elucidating the
electronic structure of photosynthetic paramagnetic
centers. Its application to PSI has contributed impor-
tant information concerning the electronic structure
and the protein environment of both P700 and the
phylloquinone radical A31 . Some ¢ndings from
ESEEM have provided key structural insights
(most notably the tryptophan Z-stacking of A31 )
that were not available from other methods prior
to the recent higher resolution (2.5 Aî ) crystal struc-
ture. Now that the crystal structure is becoming
available, ESEEM studies should continue to provide
information on the electronic structures of the radi-
cal forms of the cofactors and their relationship with
their protein environments and will undoubtedly
make further important contributions to understand-
ing the functional details of electron transfer in PSI.
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